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A bst ract. Random turbulent loading on engineering structures which immersed in the 
atmospheri c turbulent flow is often represented as the multi-dimensional and/ or mul Li-
variate Gaussian random loading processes . Gust response prediction, however , usually 
burdens a lot of computational difficulties due to turbulent loading proj ection on the 
generalized structural coordinates. In these cases, the decomposition techniques must 
be required to decouple t he mul t i-variate turbulent load ing into t he independently gen-
eralized turbulent fo rces, t hen is associated with t he general ized structural modes . This 
paper will present the proper ort hogonal decomposition using t he spectral proper trans-
formation in the frequency domain to decouple t he mu lti-variate tur bulent loading pro-
cesses. New approach in t he gust response prediction of structures will be formul ated 
with numerical example of cable-stayed bridge. 
1. INTRODUCT ION 
Gust response prediction of structures subj ected to the turbulent-induced forces in 
the atmospheric turbulent flow requires as a must among wind effects and wind-induced 
vibrations. General formulat ion of gust response prediction of line-like structures has 
proposed by Davenport [6]. As a principle, the multi-degree-of-freedom (MDOF) motion 
equations of structures were decomposed orthogonally in the generalized coordinates and 
vibrational mode shapes thanks to the structural modal transformation (SMT). However, 
there were inevitable difficulties to generalize external turbulent forces, which t hen are 
associated with generalized coordinates . So far, the joint acceptance function (JAF) has 
been applied to determine the generalized turbulent forces and gust response analysis of 
bridges in both the frequency and time domains [4, 6]. 
Proper orthogonal decomposit ion (POD), known as Karhunen-Loeve expansion has 
been applied for many engineering fields such as discrete signal processing, random field 
decomposition and t urbulence analysis , data and image compression, system ident ification 
and control, probabilistic dynamic response and so on [2, 13, 14]. In t he wind engineer-
ing, the POD has been used in analysis of random pressure field [1 , 17], bluff-body flow 
identification and related physical phenomena [7], random field decomposition and sto-
chastic dynamic response [3, 12] . Basing upon a formulation of basic matrix in the proper 
transformation, the POD has been divided into two branches: i. the covariance-matrix-
based POD and covariance proper transformat ion (CPT) in t he time domain and ii. the 
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s p e c t r a l - m a t r i x - b a s e d  P O D  a n d  s p e c t r a l  p r o p e r  t r a n s f o r m a t i o n  ( S P T )  i n  f r e q u e n c y  d o -
m a i n  [ 3 ,  5 ,  1 6 ] .  I n  t h e  f o r m e r ,  t h e  b a s i c  m a t r i x  i s  b a s e d  o n  t h e  z e r o - t i m e - l a g  c o v a r i a n c e  
m a t r i x  o f  t u r b u l e n t  l o a d i n g  p r o c e s s e s  i n  t h e  t i m e  d o m a i n ,  w h e r e a s  c r o s s  s p e c t r a l  d e n s i t y  
m a t r i x  o f  t h e s e  p r o c e s s e s  u s e d  i n  t h e  f r e q u e n c y  d o m a i n  i n  t h e  l a t e r .  I t  i s  g e n e r a l l y  a g r e e d  
t h a t  a l m o s t  l i t e r a t u r e s ,  h o w e v e r ,  h a v e  b e e n  d i s c u s s e d  o n  t h e  c o v a r i a n c e - b a s e d  P O D  a n d  
C P T  i n  t h e  t i m e  d o m a i n .  T h e  s p e c t r a l - b a s e d  P O D  a n d  S P T  i s  v e r y  p r o m i s i n g  t o  a p p l y  f o r  
s t o c h a s t i c  r e s p o n s e  a n a l y s i s ,  b u t  i t  b u r d e n s  m u c h  i n  c o m p l i c a t e d  c o m p u t a t i o n  r a t l ' l e r  t h a n  
t h e  C P T .  R e c e n t l y ,  n e w  a p p r o a c h  o f  t h e  g u s t  r e s p o n s e  a n a l y s i s  o f  s t r u c t u r e s ,  s o - c a l l e d  d o u -
b l e  m o d a l  t r a n s f o r m a t i o n s  ( D M T )  h a s  b e e n  p r o p o s e d  b y  C a r a s s a l e  e t  a l .  [ 3 ] ,  b y  w h i c h  t h e  
s t r u c t u r a l  m o d e s  d e c o m p o s e d  b y  t h e  S M T  a r e  a s s o c i a t e d  w i t h  t h e  s o - c a l l e d  o r t h o g o n a l l y  
t u r b u l e n t  l o a d i n g  m o d e s  d e c o m p o s e d  b y  t h e  S P T  t o  d e t e r m i n e  t h e  g u s t  r e s p o n s e  i n  b o t h  
t h e  g e n e r a l i z e d  a n d  s t r u c t u r a l  c o o r d i n a t e s .  A d v a n t a g e  o f  t h e  P O D  a p p l i c a t i o n s  o n  t h e  g u s t  
r e s p o n s e  a n a l y s i s  o f  s t r u c t u r e s  h a s  h i n g e d  o n  c o m p r e h e n s i v e  a p p r o a c h  f o r  t h e  g e n e r a l i z e d  
g u s t  f o r c e  f o r m u l a t i o n  i n  w h i c h  t h e  f u l l y - c o r r e l a t e d  t u r b u l e n t  f i e l d  i s  d i r e c t e d  a c c o u n t e d .  
E s p e c i a l l y ,  t h e  l o w e s t  t u r b u l e n t  l o a d i n g  m o d e s  t h a t  h a v e  b e e n  d e c o m p o s e d  f r o m  t h e  f u l l y -
c o r r e l a t e d  t u r b u l e n t  f i e l d  t h a n k s  t o  t h e  P O D  a n a l y s i s  c a n  c o n t r i b u t e  d o m i n a n t l y  o n  t h e  
s t r u c t u r a l l y  g e n e r a l i z e d  r e s p o n s e s  o f  t h e  l o w e s t  s t r u c t u r a l  m o d e s .  T h e  D M T  u s i n g  t h e  t h e  
s p e c t r a l - b a s e d  P O D  a n d  S P T  h a s  b e e n  a p p l i e d  f o r  t h e  g u s t  r e s p o n s e  p r e d i c t i o n  o f  s i m p l e  
f r a m e s ,  b u i l d i n g s  b y  s o m e  a u t h o r s  [ 3 ,  5 ,  1 6 ] ,  a n d  f o r  t h a t  o f  b r i d g e s  [ 9 ,  1 8 ] .  T i m e  d o m a i n  
g u s t  r e s p o n s e  a n a l y s i s  o f  b r i d g e s  u s i n g  t h e  c o v a r i a n c e - b a s e d  P O D  a n d  C P T  h a s  f i r s t l y  
p r e s e n t e d  b y  L e  a n d  N g u y e n  [ 1 0 ,  1 1 ] .  I n  p r e v i o u s  a p p l i c a t i o n s  o f  s p e c t r a l - b a s e d  D M T ,  
h o w e v e r ,  t h e  s i m p l e  q u a s i - s t e a d y  t h e o r y  h a s  b e e n  a c c o u n t e d  f o r  t h e  t u r b u l e n t - i n d u c e d  
f o r c e s .  
I n  t h i s  p a p e r ,  t h e  s p e c t r a l - m a t r i x - b a s e d  P O D  a n d  i t s  S P T  w i l l  b e  p r e s e n t e d  a n d  a p -
p l i c a t i o n  t o  d e c o u p l i n g  t h e  m u l t i - v a r i a t e  t u r b u l e n t  l o a d i n g  p r o c e s s e s .  N e w  c o m p r e h e n s i v e  
a p p r o a c h  o n  t h e  g u s t  r e s p o n s e  p r e d i c t i o n  o f  s t r u c t u r e s  t h e n  w i l l  b e  f o r m u l a t e d  u s i n g  t h e  
S P T  w i t h  e m p h a s i s  o n  n u m e r i c a l  e x a m p l e  o f  c a b l e - s t a y e d  b r i d g e .  T h e  t u r b u l e n t - i n d u c e d  
f o r c e s  b a s e d  o n  c o r r e c t e d  q u a s i - s t e a d y  t h e o r y  w i t h  a e r o d y n a m i c  a d m i t t a n c e  a l s o  a r e  u s e d  
f o r  m o r e  r e f i n e m e n t .  
2 .  S P E C T R A L  P R O P E R  T R A N S F O R M A T I O N  
T h e  m a i n  i d e a  o f  t h e  P O D  i s  t o  f i n d  o u t  a  s e t  o f  o r t h o g o n a l  v e c t o r  b a s i s  w h i c h  c a n  
r e p r e s e n t  a  m u l t i - v a r i a t e  r a n d o m  p r o c e s s  i n t o  a  s u m  o f  p r o d u c t s  o f  t h e s e  b a s i c  o r t h o g o n a l  
v e c t o r s  a n d  s i n g l e - v a r i a n t  u n c o r r e l a t e d  r a n d o m  p r o c e s s e s .  T h e  s p e c t r a l - b a s e d  o r t h o g o n a l  
v e c t o r s  a r e  f o u n d  a s  t h e  e i g e n v e c t o r  s o l u t i o n s  o f  t h e  e i g e n  p r o b l e m  o f  t h e  c r o s s  s p e c t r a l  
d e n s i t y  m a t r i x  a s :  
S v ( n ) W v ( n )  =  A v ( n ) W v ( n ) ,  
( 2 . 1 )  
w h e r e  S v ( n ) :  c r o s s  s p e c t r a l  d e n s i t y  m a t r i x  f o r m e d  f r o m  m u l t i - v a r i a t e  r a n d o m  p r o c e s s  
v ( t ) ;  A v ( n ) ,  W v ( n ) :  s p e c t r a l  e i g e n v a l u e  a n d  e i g e n v e c t o r  m a t r i c e s  A v ( n )  =  d i a g ( A v 1 ( n ) ,  
A v 2 ( n ) ,  . . .  A v N ( n ) ) ,  ' 1 1 v ( n )  =  [ ' l / J v 1  ( n ) ,  ' l f ! v 2 ( n ) ,  . . .  ' l f ! v N ( n ) ] ;  n :  f r e q u e n c y  v a r i a b l e ;  ' l / ! v j ( n ) :  
s p e c t r a l  e i g e n v e c t o r  a s s o c i a t e d  w i t h  s p e c t r a l  e i g e n v a l u e  A v i  (  n ) .  
S i n c e  t h e  c r o s s  spec;t~:/11 d e n s i t y  m a t r i x  S v ( n )  i s  a  H e r m i t i a n  a n d  p o s i t i v e  d e f i n i t e  o n e ,  
t h u s  i t s  s p e c t r a l  e i g e n v a l u e s  a r e  r e a l  a n d  p o s i t i v e ,  i t s  s p e c t r a l  e i g e n v e c t o r s  a r e  g e n e r a l l y  
c o m p l e x ,  s a t i s f y  t h e  o r t h o n o r m a l  c o n d i t i o n s  a s  f o l l o w s :  
W~T ( n ) W v ( n )  = I ;  iir~T ( n ) S v ( n ) i i r v ( n )  =  A v ( n ) .  ( 2 . 2 )  
, ,  
, 
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Thus, the Fourier transform and the cross spectral density matrix of v(t) can be 
represented in terms of the orthogonal eigenvectors Wv(n) as follows: 
N 
v(n) = \Jlv(n):Yv(n) =I: 'l/Jv1(n):Yv1(n), (2 .3a) 
j=l 
N 
Sv(n) = Wv(n)Av(n)\ll~T (n) = L 'l/Jv1(n)Avj(n)'l/J~)(n), (2.3b) 
j = l 
where Yv(n) : turbulent principal coordinates as rourier transforms of uncorrelated single-
variate random processes; N: dimension of cross spectral matrix Sv ( n); *, T: denote to 
complex conjugate and transpose operation. 
The spectral-based quantities can be approximately reconstructed by using limited 
number of the lowest spectral eigenvectors (assumed that the spectral eigenvectors rear-
ranged in reduced order of their corresponding spectral eigenvalues) as follows: 
l\l 
v(n) =I: 'l/Jv1(n)iJv1(n ); 
j=l 
i f 
Sv(n) = L 'l/Jvj(n) Avj(n) 'l/J~J(n), 
j=l 
(2.4) 
where M: number of truncated spectral eigenvectors (NI < N) . This approximation is 
known as the spectral proper transformation (SPT) in the frequency domain. 
3. SPATIALLY-CORRELATED TURBULENT FIELD AND 
TURBULENT-INDUCED FORCES 
Fig.1. Turbulent loading processes Fig. 2. Sectional tubulent forces 
Considering a line-like structure horizontally immersed in an atmospheric turbulent flow , 
the turbulent-induced loading that discretized at the structure's nodes are mainly induced 
by longitudinally and vertically turbulent fluctuations u(t), w(t) (laterally turbulent com-
ponent v(t) is omitted due to very small effect) . These turbulent components, furthermore, 
are considered as uncorrelated with each other. Thus, the random turbulent field acting 
on the structure's N - nodes can be represented as two N - variate zero-mean Gaussian 
random processes, see Fig. 1: 
u(t) = {u1(t),u2(t), ... ,uN(t)}T; w(t) = {w1(t),w2(t), ... ,wN(t)}T. (3.1) 
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S p a t i a l l y - c o r r e l a t e d  N - v a r i a t e  r a n d o m  t u r b u l e n t  f i e l d ,  i n  w h i c h  e l e m e n t s  a t  t w o  s e p a -
r a t e d  p o i n t s  a r e  s p a t i a l l y  c o h e r e n t  t o g e t h e r  c a n  b e  r e p r e s e n t e d  b y  s y m m e t r i c a l l y - s q u a r e d  
c r o s s  s p e c t r a l  m a t r i x :  











( n )  





( n )  
S v 2 v 2 ( n )  
S V N V 2  
=  [ S v m v k ( n ) ] ( N x N ) i  
S v
1
v N  ( n )  l  
S v
2
v N  ( n )  
S v N v N  ( n )  
( 3 . 2 )  
r n ,  k - 1 , 2 ,  . . .  , N ,  
w h e r e  v  d e n o t e s  u ( t )  o r  w ( t ) ;  S v :  c r o s s  s p e c t r a l  m a t r i c e s ;  S v m v k ( n ) :  c r o s s  p o w e r  s p e c t r a l  
e l e m e n t s  b e t w e e n  v m ( t )  a n d  v k ( t )  a t  n o d e s  m ,  k ;  N :  n u m b e r  o f  s t r u c t u r e ' s  n o d e s .  C r o s s  
s p e c t r a l  e l e m e n t s  a r e  d e t e r m i n e d  f r o m  a v a i l a b l e  a u t o  s p e c t r a l  d e n s i t i e s  a s :  
S v m v k  ( n )  =  V  S v m v m  ( n ) S v k v k ( n ) c o h v ( n ,  b . . m k ) ,  
( 3 . 3 )  
w h e r e  S v m v m  ( n ) ,  S v k v k  ( n ) :  a u t o  s p e c t r a l  d e n s i t i e s  o f  v ( t )  a t  n o d e s  m ,  k ,  r e s p e c t i v e l y ;  
c o h v ( n ,  ~mk): c o h e r e n c e  f u n c t i o n  b e t w e e n  t w o  s p e c t r a l  c o m p o n e n t s  a t  s e p a r a t e d  n o d e s  
m ,  k  a l o n g  s t r u c t u r e ' s  a x i s  w h i c h  c a n  b e  o b t a i n e d  d u e  t o  t h e  a v a i l a b l e  e m p i r i c a l  m o d e l  
s u c h  a s ·  [ 6 ,  1 5 ] :  
(  
C v n l y m  - Y k l )  
c o h v ( n ,  b . . m k )  = e x p  - 0 . 5 ( U m  + U k )  '  
( 3 . 4 )  
w h e r e  U m ,  U k :  m e a n  v e l o c i t i e s  a t  n o d e s  m ,  k ;  C v :  d e c a y  f a c t o r ;  b . . m k  =  I Y m  - Y k l :  d i s t a n c e  
b e t w e e n  n o d e s  m  a n d  k ;  Y m ,  Y k :  l o n g i t u d i n a l  c o o r d i n a t e s  o f  m ,  k  a l o n g  s t r u c t u r e ' s  a x i s .  
U n i f o r m  t u r b u l e n t - i n d u c e d  f o r c e s  p e r  u n i t  s t r u c t u r a l  l e n g t h  ( c o n s i s t i n g  o f  l i f t ,  d r a g ,  
m o m e n t :  L b ( t ) ,  ·  D b ( t ) ,  M b ( t ) ,  s e e  F i g .  2  a r e  d e t e r m i n e d  f r o m  r a n d o m  t u r b u l e n t  f i e l d  
u ( t ) ,  w ( t )  d u e  t o  t h e  c o r r e c t e d  q u a s i - s t e a d y  t h e o r y  [ 6 ] ,  i n  w h i c h  f r e q u e n c y - d e p e n d a n t  
a e r o d y n a m i c  a d m i t t a n c e  f u n c t i o n s  a r e  s u p p l e m e n t e d .  
1  
2  
2 u ( t )  ,  w ( t )  
L b ( t )  =  
2
p u  B [ C L ( a o ) x L u ( n ) - - - U - +  ( C L ( a o )  +  C D ( a o ) ) X L w ( n ) U ] ,  
( 3 . 5 a )  
1  
2  
2 u ( t )  
/  
w ( t )  
D b ( t )  =  
2
p u  B [ C D ( a o ) X D u ( n ) - - - U - +  ( C D ( a o )  - C L ( a o ) ) x D w ( n ) U ] ,  
( 3 . 5 b )  
1  
2  2  
2 u ( t )  
/  
w ( t ) ]  
! V h ( t )  =  2 p U  B  [ C M ( a o ) X M u ( n ) u - +  C M ( a o ) X M w ( n ) u  )  
( 3 . 5 c )  
w h e r e  C L ,  C D ,  C M :  a e r o d y n a m i c  s t a t i c  c o e f f i c i e n t s  a t  b a l a n c e d  a n g l e  o f  a t t a c k  a o  ( u s u -
a l l y  a
0  
=  0 ° ) ;  C L  C~ , C~ : f i r s t  d e r i v a t i v e s  w i t h  r e s p e c t  t o  a n g l e  o f  a t t a c k  a t  b a l a n c e d  
a n g l e  C~ =  d C : ; ° ' ) la o =O ,  F  =  L ,  D ,  M ;  X F v ( n )  ( F  =  L ,  D ,  M ;  v  =  u ,  w ) :  a e r o d y n a m i c  
t r a n s f e r  f u n c t i o n s  b e t w e e n  t u r b u l e n t  c o m p o n e n t s  a n d  t u r b u l e n t - i n d u c e d  f o r c e s  ( t h e i r  a b -
s o l u t e  m a g n i t u d e s  r e f e r  a s  a e r o d y n a m i c  a d m i t t a n c e  f u n c t i o n s ) ;  p ,  B ,  U :  a i r  d e n s i t y ,  w i d t h  
a n d  m e a n  v e l o c i t y ,  r e s p e c t i v e l y .  
T h e n  f u l l - s c a l e  t u r b u l e n t - i n d u c e d  f o r c e s  a c t i n g  o n  w h o l e  s t r u c t u r e  c a n  b e  f o r m u l a t e d :  
F b ( t )  =  ~pU B  [ C ' u X u F ( n ) u ( t )  +  C ' w X w F ( n ) w ( t ) ] ,  
2  
( 3 . 6 a )  
)  
~ 
' \ ,  
Spectral proper transformation and application .. . 29 
(3 .Gb) 
L = diag(Li); 
where Cu, Cw: full-scale force coefficient matrices; y: longitudinal structural coordinate. 
3. SPECTRAL-BASED GUST RESPONSE FORMULATION 
The MDOF motion equation of structure in the atmospheric turbulent flow subjected 
to the turbulent-induced forces is expressed: 
MU+ CU+ KU= Fb(t) , ( 4.1) 
where M , C, K: globally mass, damping and stiffness matrices, respectively; U, U, U: de-
flection vector and its derivative vectors; Fb(t): full-scale turbulent-induced forces. 
Decomposing into the mass matrix-based normalized generalized coordinates and the 
M 
structural mode shapes using the SMT (<I>TM<I> =I; <I>TK<I> = D; U =<I>~= I: </>i~i ), thus 
i=l 
lDOF motion equation in the ith generalized coordinate excited by generalized turbulent-
induced forces is obtained: 
(4.2) 
where <I>: modal matrix; <I> = [ </>1, </>2, .. ., </> M]; </>i: ith mode; fr ith generalized coordinates; 
wi, (i: circular frequency and damping ratio; M: number of truncated structural modes 
(M < N); I, D: unit matrix and diagonalized eigenvalue matrix. 
Power spectra of the generalized responses can be obtained thanks to the second-order 
Fourier transform of (3.5) with application of the SPT (2.4) : 
S~(n) = ( ~pU B) 2 [ H(n)<I>C~Wu(n)Au(n)\JJ~TK(n) 2 <I>r H(n)*r 
+ H(n)<I>c; Ww(n)Aw(n)\JJ~1,YK(n) 2 <I>T H(n)*T], 
S~(n) = (~pUB) 2 [H(n)Au(n)Au(n)K(n) 2A~T(n)HT(n) 
+ H ( n) Aw ( n) Aw ( n) K ( n) 2 A';,,T ( n) H ( n) T] , 
M M 
Au(n) = L Auij(n) = L <f>f Cu'l/Juj(n); 
j=l j=l 
M M 
Aw(n) = L Awij(n) = L </>[ Cw1/Jwj(n) , 
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w h e r e  A u ( n ) ,  A w ( n ) :  c r o s s  m o d a l  c o e f f i c i e n t  ( C M C )  m a t r i c e s  i n  w h i c h  t h e i r  e l e m e n t s  
A u i j ( n ) ,  A w i j ( n )  i m p l y  f o r  i n f l u e n c e  o f  P h  t u r b u l e n t  m o d e  o n  i t h  s t r u c t u r a l  o n e ;  H ( n ) :  
f r e q u e n c y  r e s p o n s e  f u n c t i o n  ( F R F )  m a t r i x  H ( n )  =  d i a g ( I H 1 ( n ) I ,  I H 2 ( n ) I ,  . . .  I H
1 1 1
( n ) I )  
i n  w h i c h  t e r m  o f  I H i ( n ) I  d e n o t e s  t o  F R F  a t  n a t u r a l  f r e q u e n c y  
I i (  n 2 ) 2  n 2 ] - l  
n i ,  I H i ( n ) l 2 =  ~ 1 - n i  + 4 ( [  n !  ;  K ( n )
2
:  s q u a r e d  a e r o d y n a m i c  a d m i t t a n c e  f u n c t i o n .  
S p e c t r a  a n d  r o o t  m e a n  s q u a r e  ( R M S )  o f  t h e  g l o b a l  r e s p o n s e s  a r e  o b t a i n e d :  
S u ( n )  =  <I>S~(n)<I>T; 
(  4 . 5 a )  
0 0  
a i  =  j  S u ( n ) d n  
(  4 . 5 b )  
0  
w h e r e  S u ( n ) ,  a i :  s p e c t r a  a n d  r o o t  m e a n  s q u a r e  o f  g l o b a l  r e s p o n s e s ,  r e s p e c t i v e l y .  
F i n a l l y ,  g l o b a l  r e s p o n s e s  w i t h  r e s p e c t  t o  v e r t i c a l ,  l o n g i t u d i n a l  a n d  r o t a t i o n a l  d i r e c t i o n s  
c a n  b e  c o m b i n e d  f r o m  s i n g l e - m o d a l  r e s p o n s e s  d u e  t o  t h e  p r i n c i p l e  o f  t h e  s q u a r e d  r o o t  o f  
t h e  s u m  o f  t h e  s q u a r e s  ( S R S S ) :  
M r  
a r ( n )  = ' \ I  L : : a ; , i ;  r  =  h ,  p ,  a  
( 4 . 6 )  
i = l  
w h e r e  r  d e n o t e s  t o  d i s p l a c e m e n t  c o m p o n e n t s :  v e r t i c a l  ( h ) ,  l o n g i t u d i n a l  ( p ) ,  r o t a t i o n a l  ( a ) ;  
M r :  n u m b e r  o f  c o m p o n e n t  m o d e s  i n  r e s p o n s e  c o m b i n a t i o n ;  
5 .  N U M E R I C A L  E X A M P L E  A N D  D I S C U S S I O N  
A  c a b l e - s t a y e d  b r i d g e  w a s  t a k e n  f o r  n u m e r i c a l  e x a m p l e  a n d  i n v e s t i g a t i o n  u s i n g  t h e  
a b o v e - m e n t i o n e d  c o m p u t a t i o n a l  p r o c e d u r e s .  B r i d g e  w a s  s p a n n e d  b y  4 0 . 5 + 9 7 + 4 0 . 5 = 1 7 8  
m .  T h r e e - d i m e n s i o n a l  f r a m e  m o d e l  w a s  b u i l t  t h a n k s  t o  t h e  f i n i t e  e l e m e n t  m e t h o d  ( F E M ) .  
T o t a l  3 0  n o d e s  w e r e  o n  b r i d g e  d e c k ,  w h i l e  n o d e s  8 ,  2 3  a t  p y l o n s .  F i r s t  t e n  s t r u c t u r a l  m o d e s  
w e r e  a n a l y z e d  ( s e e  F i g .  3 ) .  D a m p i n g  r a t i o s  o f  e a c h  s t r u c t u r a l  m o d e  w e r e  a s s u m e d  t o  b e  
0 . 0 0 5 .  M e a n  w i n d  v e l o c i t y  w a s  t a k e n  a t  2 0  m / s .  I t  a l s o  a s s u m e d  t h a t  t h e  t u r b u l e n t - i n d u c e d  
f o r c e s  a c t  o n  d e c k  o n l y ,  t h o s e  o n  t o w e r s  a n d  c a b l e s  a r e  n e g l i g i b l e  a s  u s u a l .  A e r o d y n a m i c  




)  a n d  t h e i r  f i r s t  d e r i v a t i v e s  
w e r e  e x p e r i m e n t a l l y  d e t e r m i n e d  a s  f o l l o w s :  C L  =  0 . 1 5 8 ,  C D  =  0 . 0 4 1 ,  C 1 1 1  =  0 . 1 7 4 ,  c~ =  
3 . 7 3 ,  C b  ~ 0 ,  C~ =  2 . 0 6  ( L e ,  2 0 0 4 ) .  O n e - s i d e d  a u t o  s p e c t r a l  d e n s i t y  f u n c t i o n s  o f  u ( t ) ,  
w ( t )  w e r e  o b t a i n e d  d u e  t o  t h e  K a i m a i l ' s  a n d  t h e  P a n o f s k y ' s  m o d e l s  [ 1 5 ] :  
S u u ( n )  =  2 0 0 J u ;  
n  ( l  +  5 ,0 J ) 5 / 3 ;  
3 . 3 6 f  u ;  
S w w ( n )  =  n  ( 1 + 1 0 j 5 / 3 ) '  
( 5 . 1 )  
w h e r e  f ;  n o n - d i m e n s i o n a l  c o o r d i n a t e s  ( J  =  n z / U ) ;  ·  z :  d e c k  e l e v a t i o n  ( z  =  1 0  m ) ;  u * :  
f r i c t i o n  v e l o c i t y ;  k ,  z o :  s c a l e  f a c t o r ,  r o u g h n e s s  l e n g t h  ( k  =  0 . 4 ,  z o  =  D . 0 2 5  m ) .  C o h e r e n c e  
f u n c t i o n  f o l l o w s  t h e  e q u a t i o n  ( 3 . 5 )  w i t h  d e c a y  f a c t o r s :  C u = l O ,  c w = 6 . 5  [ 1 8 ] .  S q u a r e d  
a e r o d y n a m i c  a d m i t t a n c e  f u n c t i o n s  u s e d  t h e  L i e p m a n n ' s  f u n c t i o n :  
2  1  
l x ( n ) I  =  1 + 2 7 r 2 n B / u ·  
( 5 . 2 )  
' -
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Cross spectral matrices S11 (n), Sw(n) of spatially-correlated turbulent field u(t), w(t) 
(acting on 30 deck nodes) were constructed. Spectral-based POD analysis was carried out 
to find entire 30 pairs of spectral eigenvectors and associated eigenvalues . Because the 
eigenvectors are orthogonal each other at each frequency, thus called as turbulent modes . 
Fig. 4 shows the first five spectral eigenvalues >-1(n)-:- ,\5(n) on frequency band 0.01-:- 10 
Hz. It is observed that the first spectral eigenvalue ,\1 (n) exhibits much higher than 
the others on the very low frequency band 0.01 -:- 0.2 Hz with the case of u-component, 
0.01 -:- 0.5 Hz with that of w-component, however, all spectral eigenvalues seem not to 
differ beyond these frequency thresholds. This can imply that only first pair of eigenvalue 
and eigenvector seems to be enough for representing and simulating the whole turbulent 
field at the very low frequency bands, however, many more pairs are required at higher 
frequency bands. 
The first three spectral eigenvectors 'l/Jv1 ( n), 'l/Jv2( n), 'l/Jv3 ( n); v = u, w (the turbulent 
modes) on the same spectral band 0-:-lOHz is expressed in Fig. 5. It can be seen that 
the t urbulent modes of u-,w- components look like as symmetrically and asymmetrically 
sinusoidal waves, in which number of wave halves increases incrementally with the order 
3 2  
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F i g .  6 .  E f f e c t  o f  n u m b e r  o f  t u r b u l e n t  m o d e s  o n  a u t o  p o w e r  s p e c t r a  
1 0 '  
F i g .  6  s h o w s  r e c o n s t r u c t i o n  o f  a u t o  p o w e r  s p e c t r a  o f  u ,  w  - t u r b u l e n _ c e s  a t  m i d - s p a n  
n o d e  1 5  u s i n g  l i m i t e d  n u m b e r  o f  t r u n c a t e d  t u r b u l e n t  m o d e s  ( d u e  t o  E q u a t i o n  2 . 4  w i t h  
M  =  1 ;  3 ;  5 ;  1 0 ;  3 0 ,  h e r e  t o t a l l y  3 0  t u r b u l e n t _  m o d e s  i m p l y  f o r  t a r g e t e d  v a l u e ) .  A u t o  
s p e c t r a l  v a l u e s  u s i n g  t r u n c a t e d  t u r b u l e n t  m o d e s  d i f f e r  w i t h  i n c r e a s e  o f  f r e q u e n c y  b a n d .  
A t  v e r y  l o w  f r e q u e n c i e s ,  o n l y  f i r s t  o r  f e w  t u r b u l e n t  m o d e s  a r e  s u f f i c i e n t  t o  r e c o n s t r u c t  t h e  
a u t o  s p e c t r a l  d e n s i t i e s  o f  t u r b u l e n t  f i e l d ,  h o w e v e r ,  m a n y  t u r b u l e n t  m o d e s  s h o u l d  b e  u s e d  
a t  h i g h  f r e q u e n c i e s .  T h i s  f i n d i n g  i s  s i m i l a r  t o  t h a t  c o m m e n t  f r o m  F i g .  4 .  
. . . .  
~ 
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Effect of truncated turbulent d . . t t • 1 d. 1 mo es on spectra of generalized responses (vertical and 
ro .a wna isp acements) at mid-span node 15 of some fundamentally structural modes 
at is expressed in Fig. 7. · · 
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Fig. 8. Effect of number of turbulent modes on PSD of global responses at node 15 
Fig. 8 shows the spectra of global responses at mid-span node 15 and effect of number 
of truncated turbulent modes. As can be seen from Figure 8 that no much different among 
cases of truncated turbulent modes, it is noted that first turbulent mode significantly 
contributes on spectra of responses. Spectral peaks or resonant responses, moreover, 
occur at structurally natural frequencies. 
Fig. 9 expresses the root mean squares (RMS) of global responses at all deck nodes 
with emphasis on effect of truncated turbulent modes. Important role of the first tur-
bulent mode on the global mwonse is also observed. For example, the first turbulent 
mode, first 5 modes, first 10 modes contribute 29 cm(88%), 32 cm(97%), 32.6 cm(993) on 
32.7 cm-maximum vertical displacement (totally 30 turbulent modes) and 0.032°(91 %), 
0.0330(97%) , 0.034°(100%) on 0.034°-maximum rotational displacement, respectively (see 
Fig. 9). 
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F i g .  1 0 .  C r o s s  m o d a l  c o e f f i c i e n t s  b e t w e e n  t u r b u l e n t  m o d e s  a n d  s t r u c t u r a l  m o d e s  
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For more detail, first heaving mode (l8t structural mode) and first torsional mode 
(3rd structural modes) are excited by the first and the third tu~bulent modes. Thus, gust 
response can be obtained by only accounting effective cross modal coefficients. 
· 7. CONCLUSION 
New and comprehensive approach on the gust response prediction of structures in 
the frequency domain using the proper orthogonal decomposition-based spectral proper 
transformation has been presented here. Spatially-correlated turbulent field has been rep-
resented due to orthogonally turbulent modes in which only limited number of lowest tur-
bulent modes dominantly contributes on structural gust response. Further developments 
including digital simulation of multi-variate turbulent field using the spectral proper trans-
formation as well as time-domain gust response prediction using the covariance-matrix-
based POD and covariance proper transformation are going to be discussed in next paper. 
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n e e r i n g ,  W i n d  &  S t r u c t u r e s  3  - 4  ( 2 0 0 0 )  2 2 1 - 2 4 1 .  
1 7 .  Y .  T a m u r a ,  S .  S u g a n u m a ,  H .  K i k u c h i ,  K .  H i b i ,  P r o p e r  o r t h o g o n a l  d e c o m p o s i t i o n  o f  r a n d o m  
w i n d  p r e s s u r e  f i e l d ,  J o u r n a l  o f  F l u i d  a n d  S t r u c t u r e s  1 3  ( 1 9 9 9 )  1 0 6 9 - 1 0 9 5 .  
1 8 .  G .  S o l a r i ,  F .  T u b i n o ,  G u s t  r e s p o n s e  o f  l o n g  s p a n  b r i d g e s  b y  d o u b l e  m o d a l  t r a n s f o r m a t i o n ,  
P r o c e e d i n g s  o f  t h e  4 t h  E u r o p e a n  a n d  A f r i c a n  C o n f e r e n c e  o n  W i n d  E n g i n e e r i n g  ( E A C W E 4 )  
2 0 0 5 .  
R e c e i v e d  J u n e  2 5 ,  2 0 0 7  
,  , , ,  , , ,  . . . .  , ,  ,  ,  ,  
P H E P  C H U Y E N  P H O  R I E N G  V A  A P  D U N G  T R O N G  X A C  D I N H  D A P  U N G  
N e . A u  N H I E N  K H i  D Q N G  L · v c  c u A  c 6 N G  T R I N H  
T a i  t r 9 n g  g i 6  n g a u  n h i e n  t a c  d i . . m g  I e n  k e t  c a u  c o n g  t r l n h  n a m  t r o n g  d o n g  k h f  r 6 i  t h o n g  t l m c m g  
o l . l ' q c  b i e u  < l i e n  d l . l ' & i  d~ng c a c  q u a  t r l n h  , n g a u  n h i e n  G a u s s i a n  o a  c h i e u  v a  o a  b i e n .  T u y  n h i e n ,  
vi~c x a c  t f n h  t o a n  i ' . r n g  n g a u  n h i e n  d o  g i 6  c u a  k e t  c a u  c o n g  t r l n h  t h l l ' a n g  g i i i p  k h 6  k h a n  x u a t  p h a t  
t u  vi~c c h i e u  c a c  t a i  t r 9 n g  g i 6  n g a u  n h i e n  n a y  l e n  c a c  to~ d 9  s u y  r ( l n g  c u a  k e t  c a u  x a c  d j n h  t u  
p h a n  t f c h  d~ng t h o n g  t h l l ' a n g .  T r o n g  t m a n g  h q p  n a y  t h U ' a n g  a p  d i ,m g  k y  thu~t t a c h  n h i ' . i m  t a c h  
t r n a n g  t a i  t r 9 n g  g i 6  n g a u  n h i e n  t h a . n h  c a c  t h a . n h  p h a n  I i . r e  o ( l c  l~p t r 9 n g  to~ d ( l  s u y  r ( l n g  c u a  k e t  
c a u .  S a u  0 6  x a c  d j n h  o a p  i ' . r n g  c u a  k e t  c a u  t r o n g  c a c  to~ d < )  s u y  n ) n g  d o  k i c h  d ( m g  c u a  c a c  t h a . n h  
p h a n  I i . r e  s u y  r < ) n g  n a y .  B a o  c a o  n a y  s e  t r l n h  b a y  vi~c a p  d 1 , m g  p h e p  t a c h  t n , r c  g i a o  r i e n g  t r e n  w  s &  
p h e p  c h u y e n  p h 5  r i e n g  t r o n g  m i e n  t a n  s o  n h a m  t a c h  c a c  q u a  t r l n h  I i . r e  g i 6  n g a u  n h i e n  o a  c h i e u  t i r  
t m a n g  g i 6  t m m g  q u a n  k h o n g  g i a n  t h a n h  c a c  d~ng t a i  t r 9 n g  n g a u  n h i e n  t n . r c  g i a o ,  t h e o  0 6  x a c  l~p 
m ( l t  e a c h  t i e p  c~n m & i  t r o n g  t f n h  t o a n  o a p  u n g  n g a u  n h i e n  k h f  o ( l n g  I v e  c u a  k e t  c a u  c o n g  t r l n h .  
T i n h  t o a n  v a  k h a o  s a t  v i  d 1 , 1  c h o  k e t  c a u  c a u  d a y  v a n g .  
